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Motivation

Mg{ grain boundary (GB) diffusion dal
available

Almportance:

I Fine grained Mg for higher strength
A GB diffusion effects enhanced with smaller

Materials Innovation

g rains i‘(’d | Infrastructure
I Preferential nucleation of precipitates at
GBs
I GB diffusion controls grain growth and .
creep processes MGIvision Fundamenta

i Impurity diffusion along GBs (e.gQyin databases and toolwill

NEO magnets)* enablereduction of the

I Electromigrationin microelectronic :
devices 1020 year materials

ALY G §3 NI £ LI NI Creatﬁrka%d/o pyes

required for MGl efforts cycle'd or more.



Mg Self -Diffusion Data  (Previous
Work)

Te-7 D This work: SIMS (parallel to rod axis) A S| MS +
627°C ¥  Thiswork: SIMS (orthogonal to rod axis) [ .
1e-8 - 5510C & Shewmon 54 - polycrystalline Mg L radiotracer data
——— Shewmon 54 fit E for |arge
— —— Shewmon 56 fit - parallel to c axis L
468°C Shewmon 56 fit - perpendicular to ¢ axis | temperature

——— Ganeshan 10 fit - perpendicular to c axis

Ganeshan 10 fit - parallel to ¢ axis range

_ A Both radiotracer
- with single

| crystals and

= SIMS with
large-grained
textured
polycrystal
show anisotropy
in self-

1/T (°K™) x 1000 diffusivities

1e-13 | | | |
1.0 1.2 1.4 1.6 1.8 2.0

U No grain boundary diffusion data in Mg



Effective Diffusion in a
Polycrystalline Microstructure

(Bulk, Surface & Grain Bound

Tracer Diffusion Coefﬁcieij
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Grain Boundary Diffusion

ABulk diffusion dominates at . Seifdfiusionin/g
high temperature \ b SwaLe o
?

: - SLOW~COOLED
AGrain boundary effects SINOLE CAYSTAL
dominate at low temperature

AThin films:

POLYCRYSTAL
(SERIES |}
i Better control of the necessary -
grain sizes due to dimensional

o
(=]
=

JOHNSON'S

CURVE :
~_ Grain Bounddgry

S Effects (D)
g

S

LOG D(emTsec)
n
i

constraints Singl(e ()Zrystal
D
i Bamboo microstructure with 3 T Th TR T3 o
controllable3 0 @Ig 1/T (DEG KyiX10?

[Hoffman and Turnbull (1951), J. Appl. Phys., vol.
I Short diffusion distances (low

| Ease of sample preparation and
SIMS analysis



Grain Boundary Diffusion Regimes

il

ABE 2 5 <<+ Dt << d JDt <<

lllustration of polycrystalline diffusion regimes according tolr NNJA a 2 y Qa
classification scheme (parallel slab modfyans FaSoc1961]. D is the volume
diffusion coefficient, [, is the grain boundary diffusion coefficient, d is the grair
size,l is the grain boundary width, and t is the diffusion tim¢De Souza et al.

2009 MRS Bulletin]

U More analysis of diffusion regimesB&ova& Murch(Phil Mag 09Rivinskiet al. (Z.
Metallk02), book by Kauvlishin& Gust (Wiley%ed.)




A-Kinhetiescs ThiTkim&ilms

A Conflicting limiting conditions for A
kinetics and thin films

1. Vi #>d

A Sufficient lateral diffusion from GB

2. 6/ T B P im

A Diffusion cannot extend beyond film
thickness

film

A Grain size related to film thickness whe
grain growth saturates in thin film due 1 JDt >>d
dimensional constraints (C.V. Thomsoi| ___[_] (Gaussian)
Annu, Rev. Mat. Sci. 2000R F,, . H 1 B =

AEither grains or diffusion distance will b@eﬁHart—fD + (1-HD
too large, cannot satisfy both conditiong!

*f = volume fractiorof grain boundaries




B-Kineti¢cscs ThiMkim&ilms
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[Gupta (1977), Met. Trans. A, vol. 8A]

<L+ Dt <<d

ARealistic diffusion anneal times and temperatures

i Relatively easy to satisfy <</ << d with thin film restrictions

ADual analysig; extract both D and 8Dy, (s = impurity segregation
factor,1 =grain boundary widthfrom separate regions



C-Kihettescs ThiMkilm&ilms

AVolume diffusion negligiblediffusant
confined to grain boundary

ACan extracD,, directly, not convoluted
as 8 Dy,in regime B

AVery low volume fraction of GB

I Difficult to detect such low concentrations
with SIMS

ARequires extremely low diffusion times
and temperatures

JDt <<8

Dyp

z
(4;

l-|=




Objective

ADevelop a method to determine the grain boundary
diffusion coefficient (B),) in thin films, and use it to find the
sel-Dy, In Mg and/or Al impurity B, for incorporation into
the Mg- Integrated Computational Materials Engineering
(ICME) project

Approach/Strategy

ADetermine suitable diffusion conditions and thin film
morphologies consistent with Harrison-Binetics

AMeasuretracer diffusion coefficientsn Mg thin films using
secondaryion mass spectrometry (SINX

ACorrelate diffusion coefficients with grain boundary
orientations determined by EBSKR



B -kinetics Limiting Conditions

1)1 <</ &« d

H
A\/——"_<:[ X M J1

AEnsure appreciable diffusion out
of grain boundary into grains

A —h

A N> X ndm
A Avoids overlap of diffusion

profiles from opposite boundaries

Into a single grain

3L+ Dt << d

*04 0.5 nm iricc materials



Thin Film Geometry Requirement

4\(Dt) = tyn/4
A
E o
A Ve €—7 0\
g \
\
\
\

4~/Dt . Liim
ABulk diffusion negligible at x4v | <

ASet 4/ - equal to Y4, so that both (bulk
and GB tall) regions are measureable



Thin -film Approximation
Requirement

3)V T ®#>1,cc (thickness of tracer layer on film)

ALY cx

Let
QBoiiio

ANeeds to be met in order to use the thifilm
solution, which I1s more convenient

ACan use thickilm solution (more complex) if
this condition is not met



Limiting conditions

(1){ <<\/F<<d (2) \/F{_ (3) \/F‘Ottracer

ASet up an Excel spreadsheet:
I Input: temperature, diffusivity (D), film thickness{,,,)

I Outputs diffusion time (t), minimum grain size (d), tracer
thickness {;.¢er)

AEasy to obtain conditions to satisfy all requirements:

I Diffusion temperature range: 175250°C

i Diffusion time: >10 min (exact time depends on
temperature)

I Mg film thickness: 50@ 2000 nm
I Tracer film thickness: 10 nm



Proposed Experimental Design: Mg
thin films

ADeposit Mg films (0.2, 0.6, and>in8
thick) on single crystal Si wafers

I Heated and nameated substrates

Grain Size

AAnneal at various conditions
I Specific times and temperatures Thickness

ACharacterize grain size and — g

orientations with EBSD or FIB ] ] : x % A

AGrain growth study to determine

&)
conditions for prannealing films R N =

that will be used for diffusion studi
I Want equilibrium with grain boundari s

nor mal to sugface, «.u u a2z
[Thompson (199Annu Rev. Mater. Sci., vol. 20]




Experimental Design: SIMS -based
Thin Film Technigque

ADeposit thifMg tracer or Al impurity film (~10 nm)
ADiffusion anneal (1%D< T < 360G, time varies with T atyg)
AMeasure depth profile of isotope ratio using SIMS

AAnalyze concentration profile to extract D in near surface region
st D, or4 Dy, in tail regiorusing appropriate solution fits

ARepeat at multiple temperatures to obtain Arrhenius fits
lon beam

Thin film of diffusant

4

Substrate /

/

Sputtered crater

Camecams7fGeo (Virginia Tecl




Dual Analysis from SIMS data
(e.qg. YTZ thin film) .1

HfO, deposited 3YTZ
o T=1673K
D — C |= t =56 hours
)
A Bulk impurity diffusivity of Hf in YTZ in -
near surface region T
I C = Relative Intensity* (BHf/91Zr) S0 w20 ﬁﬁmmg)oo
Distance? (nm?)
<17
HfO, deposited 3YTZ
. /E | l|= 7 2 T.-1ﬁ73K '
S{ ng— 0.66 < o 7 g.a_/\ﬁ t = 56 hours |
=
ATriple product in tail region “F

I Leastsquares noHinear fit or other st
algorithm also possible to fit data %o 160 00 4800 6400 8000

Distance® (nm®®)

[Swaroopet al.(2005)ActaMat., vol. 53]



Naetablel Olsstactes:Wwith SIMS OHGB for GB
impuinity tdifilisivityimeasurementsements
ASIMS result in B regime gives oniyiz,

I Need to separate the three terms by other methods including
radiotracer and/or Atom Probe

Ahyt & 3 A 0SB, ovet nhByN\ytail Béndaries

I More beneficial for MGI if specific data can be obtained for many
different grain boundary types (i.e. tilt, twist boundaries, specific
misorientationangles, etc.)

AGrain growth is related to grain boundary diffusion

I Grain growth will occur during diffusion anneal if films are not pre
FYYSIFt SR U2 | OKASGOS Si)dzA £ A 0 NA dzY

A25Mg is naturally occurring in pure M-10%)

I SIMS needs to detect concentration above background, resolution migh
not be good enough deep in grain boundary tail region



Overcoming SIMS obstacles

A Atom Probe Tomography to obtain atomiesolution, 3D
map of single grain boundary after diffusion anneal

i Option for Ckinetics regime (can extract Jjalone)
I Grain boundary orientationspecific data
I Deconvolutest Dy, into constituents ifB-kinetics

I Also carry out grain boundary setfiffusivity measurements in B
and C to obtain

N
7
R

N =

/

A Blggr?clsa{py/}s to get concentration profile at a single grain Location of NanoSIMS cr

or Atom Probe Sample

I Used in conjunction with EBSD (electron backscatter diffracti(m)ecﬂy orGrain Boundar:

to associate the ), found to a single type and orientation of
grain boundary

Side View of Hypotheti

i Also could be used tdeconvolutest Dy, into constituents Atom Probe Map

A Diffuse25Mg1(into pure?“MgI films (~99%7}o avoid problem
of Mg background signal in pure Mg
i Currentlycost—grohibitive to use thick films 0?4Mﬂjwith high

enrichment (~99%) because of technique usedltrons) for
isotopic enrichment

I Development of new centrifugation techniques for Mg would
have a major impact on cost of Mg isotopes



GB diffusion  modeling
exercise In Mathcad

ASinglegrain boundary
I Fisher/Whipple (constant/infinite source)
I Suzuokdfinite/thin film source)

AMultiple grain boundaries
I AveragedSuzuokdfinite source)
I AnalyzeSIMS signal intensity in tail region



FI sher O0s

m O

grain boundary

del of

Constant source

Surface 0 > X
Grain 1 Grain 2
D D

< —— I«:c Grain Boundaryp), -

c(x 0, t) = g=const

Coupledequations for
volume andjb diffusion

e

at
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where |z| = 4 /2

8%e, 2D [ e
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Whipple (exact) solution for Mg:
constant source (Phil Mag 1954)

A Bamboo microstructure in thin film coincidegery well with some of the more
common mathematical solutions to thgb diffusion equations.

I These solutions are all functions both volume and grain boundary diffusivities (DBjd
respectively), which are dependent on diffusion temperature.

i Becausedhe grain boundary diffusivity is unknown, it was estimated based on an empirical
relation derived for the general situation of grain boundary seliffusion inhcpmetals

I Volumediffusion is calculated by an Arrhenius relation using parameters determined from
previous?®Mg selfdiffusion experiments

A The various solutions are also functions of several dimensionless variables, , ,
andt , which were originally defined byhipple.

C )
W — @ — : — —
~ v v b
i where is the grain boundary halfvidth (assumed to be 0.25 nm), antis the diffusion time in
seconds.

U Whipple solution is not relevant to the SIM§b study¢ only an exercise

U Single grain boundary cannot be probed, expensive to have infinite (thick) source isotope



Whipple solution: Mg material
constants

D,=4.2x18nm?/s  Q,= 127,000 J/4nol

I From Arrhenius fit toShewmon(high T) and ORNL
SIMS (low T) data

At f :[%eXpls = ﬁ]

Aufl =3.10%exp| 8 ﬁﬂ

I General empirical relation derived from multiplacp
gbdiffusion studies (Gust et al. Physiq 1985)

a = 0.25 nmgrain boundary half width)



Whipple solution for Mg (infinite source,

constant surface concentration boundary
condition )

Whipple's Solution Contours

Tracer Film

1000 L;I 227 0 %56 0 356 0237

Grain ' ' X (nm)
Boundary
Depiction of idealized grain boundary Concentrationcontour plot, based on

diffusion model with the diffusion fluxin 2 KA LILX SQ&a &2t dziA2y &
the down direction. Region (1) consists of is at x=0 and the orientation of the

direct volume diffusion and region (2) of sample is identical to that irihe left

lateral diffusion into the volume from the  figure. Diffusion parameters: 10 minutes
grain boundary at 250°C
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Suzuoka solution:
finite source

. Suzuoka's Solution Contours
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Concentration contour plots
using{ dzl dzzZnjtdn@reous
sourcesolution

- Plot (g shows the neaisurface
and transition regions from 0
to 500 nm in diffusion depth

- Plot (b) shows the deeper grain
boundary diffusion tail region
from 200 to 1000 nm

U Suzuokasolutionisalso not

relevant to the SIM$b study¢
(singlegrain boundary cannot be
probed)



Averaged Suzuoka solution

In(Cavg(y))

for SIMS

T 1T 17 7

Depiction of the geometric condition of multiple parallel grain boundaries

-l

y (nm)

1000

--------

---------
-

2100

VGKS (anKS)

Graph ofin(c,,{Y)) vs. ¥, based
on the averagedsuzuokasolution
for Mg. Y-range is 81000 nm, finite
tracer thickness is 10 nm, grain siz
Is 500 nm, and diffusion conditions
are 10 minutes at 200, 225, 250,
and 275°C

I AverageSuzuokasolutionis

relevant to SIMSgb diffusion
study (SIMS probe size ~10
/mm, grain size ~0.52 nm)



SIMS signal intensity In tall
region of regime B

A Using average®uzuokasolution, we explored the effect of various
experimental parameters (temperature, grain size, time) on signal intensity
difference (over background)

A Using a conversion ratio based on previous s#iffusion experimental data,
we converted the calculated concentration to anticipated SIMS counts

A Becauseof the very slight differences in concentration, combined with the
unavoidable Gaussian noise (the magnitude of which is roughly proportione
to the square root of total counts), we determined the#IMS is feasible for
this type of study forimpurity or pseudaeimpurity grain boundary diffusion
experiments only, i.e. there cannot be any substantial background level of
the tracer species

I This condition is easy to accomplish for the proposed Al into pure étgeriments

I This condition willalso be satisfied withdiffusion of enriched®Mg tracerinto highly
enriched?*Mg of the thin film (rather than natural Mg) where the level o?°"Mg has
been reduced to negligible levels in té Mg thin film.



SIMS counts In tall region

Example: SIMS measured excess 25Mg tracer data

0.050 - —~ 0.005
Experiment

0.045 Theory - 0.004

0.040 « Residuals I - 0.003

@ 0035 - 0.002

E L ] L ] -

@ 0.030 e it 2t | oo01

2 : A rgﬂ B
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@ 0.015 - o002 X
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3 0.010 - -0.003
ooo0 #-—-—- -7 -0.005
-0.005 -0.006

0 1 2 3 4 5 7] 7 8 9 10 11 12
( pepth (um)

SIMS counts in the tail region (2%0) are ~16,000 counts for a
background concentration of ~10%iMg in natural Mg



Difference in counts over 100 nm

depth in tail (average Suzuoka )
100 ' ' ' AN ' 400
350 |
80 |
300 |
*2 60 | % 250 -
S S 200
8 40 I 8 150 i
> >,
20l 100 -
50 |
0 - - - - - - 0 . . . . .
180 200 220 240 260 280 300 320 0 200 400 600 800 1000 1200
Temperature (°C) Grain size (nm)

A ¢ o uistaken as the slope at a depth of 100 ¢ o uisitaksnat depth of 2000 nm, witt
nm to remain in the tail portion of the curve, atdiffusion conditions &#50C for 10 min

constant time of 10 minutes (600 sec).

U Difference in counts (hundreds of counts) is comparable to background
(Gaussian) signaioise if natural Mg thin film is used

U Hence need to use enriched Mg thin film, i.e., 99.9% of4@.05% of M&)
to reduce background signal coun{s teng



Canoltisiensns

AExplored feasibility of SIMS for grain boundary diffusion
studies in magnesium thin films.

I Suggested experimental conditions based on various
NEIljdZANBSYSyda G2 aldra¥te | I NNA

AModeled variousgb diffusion solutions for Mg using
MathCadsoftware.

I AveragedSuzuokasolution relevant for SIMS studies

Aln order to have sufficient SIMS intensity over
background Mg levels in the tail region of regime B,
either one needs to conduct impuritgb studies (e.g., Al
iIn Mg), or usasotopicallypure Mg#thin films into which
the Mg?>tracer diffuses.



ORNL diffusion website

A http://www.ornl.gov/sci/diffusion
(public version)



http://www.ornl.gov/sci/diffusion

